A B S T R A C T A method is described for assessing the in vivo oxygen consumption and lactate production rates of human knee joints. It is based on the rate of fall of Po, and the rate of rise in lactate concentration in an intra-articular saline pool after interruption of the circulation to the joint with an arterial tourniquet. Studies in 5 control patients with degenerative joint disease and 29 patients with rheumatoid arthritis showed a 2-to 3-fold higher mean oxygen uptake rate and a 10-to 12-fold higher mean lactate appearance rate in the saline in the rheumatoid joints with severe disease compared to the control joints. These metabolic variables correlated with tissue metabolic demand as estimated in synovial biopsies. '"Xe washout from the intra-articular space, which reflects joint circulatory flow, showed a 3-fold greater mean washout rate from the rheumatoid joints (48 studies) than control joints (7 studies) with extensive overlap between the two groups. '3Xe washout rate correlated with knee joint inflammation estimated both clinically and histologically. After synovectomy in four patients, the operated knee showed a greater fall in lactate production than the opposite knee in three of these patients. Neither knee joint oxygen uptake nor 1'Xe washout rate changed significantly. Intraarticular corticosteroid injection (eight patients) resulted in decreased lactate production and a decreased '"Xe washout rate in the injected knee and variable
INTRODUCTION
A previous study has shown that the Po2 of synovial fluid from joints with severe rheumatoid arthritis is lower than that of synovial fluid from joints with degenerative and some other inflammatory arthropathies (1) . We proposed that the rheumatoid synovial fluid Po2 was low due to an imbalance between a greatly increased oxygen consumption by joint tissues, and an increased but relatively insufficient circulatory supply of oxygen to these tissues (1) .
Numerous studies employing indirect methods of dye or radioisotope washout from the synovial fluid have suggested that the circulation in the rheumatoid joint was greater than control levels (2) (3) (4) . A method utilizing the washout of 'Xe from the joint has overcome the problems of recirculation and biologic activity of tracers and has shown strikingly increased local circulation in the rheumatoid joint (5) . Similarly, in vitro studies have shown that rheumatoid synovia have greater oxygen and glucose consumption rates, and a greater lactate production rate per mg of tissue than control synovia (6) (7) (8) . It would be desirable, however, to be able to assess both metabolic and circulatory variables of synovial tissue in vivo in order to attempt to corroborate the hypothesis concerning the primary determinants of synovial fluid P02. This paper presents a method for assessing the in vivo aerobic and anaerobic metabolic rates of human knee joints. We also report further developments of the "'Xe method and (9) . Other requirements for inclusion in the study were: (a) over 21 Dr. Goetzl evaluated each patient immediately before the studies for clinical evidence of general arthritic disease and specifically of knee arthritic disease. General arthritic severity was assessed using a system based on the criteria of Lansbury (10) as well as on semiquantitative representations of joint pain, fixed joint deformities, joint effusions, hematocrit, joint X-rays, time to walk 50 ft, and grip strength. An analogous system of seven clinical and radiological criteria was used to grade disease severity in each knee joint with an over-all score that could have a maximum value of 15. These grades for each patient were considered to be clinical indices for interpatient comparisons. Rheumatoid factor was quantitated using a titered bentonite flocculation method (11) . 24 hr before the metabolic studies described below, 22 of the 36 study patients had at least 1 evaluation of circulatory flow in each knee using the l'Xe desaturation method.
The general procedure of this method has been published (5) . Care was taken to completely immobilize the knee, use a standard protocol for skin preparation and local anesthesia (0.2 ml 1%o xylocaine [Astra Pharmaceutical Products Inc., Worcester, Mass.]), and aspirate as much synovial fluid as possible before injection of the 1'-Xe. Air was prevented from entering the joint space by employing a three-way stopcock and flushing in the isotope dose with saline. The "3Xe dose was 100 ttCi. Immediately after mixing the knee contents, counting was begun using a sodium iodide crystal detector (Pho Dot II, wide angle flat field collimator, Nuclear-Chicago Corp., Des Plaines, Ill.) positioned at the lateral aspect of the joint at the same distance from each knee. The pulse height analyzer was set with a 20%o window about the 0.070 Mev gamma photopeak for`Xe. The output was recorded for a minimum of 45 min in each knee study. At (12) . The assessment of oxygen uptake by the knee joint tissues was based on the assumption that depriving the joints of their circulatory oxygen supply with an arterial tourniquet made the local tissue and intra-articular fluid stores the sole source of oxygen for these joint tissues. The fall in oxygen content of a previously created intra-articular saline pool then should reflect the tissue uptake of oxygen occurring in the ischemic joint. The relationship between the Po, and the oxygen content of intra-articular saline would be linear according to Henry's law. Changes in saline Po, should be directly proportional to changes in saline oxygen content. The decrements in intra-articular. saline Po, were therefore considered to reflect the rate of local tissue uptake of oxygen after circulatory interruption. Similarly, the increment in lactate concentration in the intraarticular saline pool after a period of tourniquet ischemia should reflect lactate production by the joint tissues during that period. Accordingly, 22 of the 36 study patients had at least one such evaluation of local joint metabolic activity of each knee and 12 had at least one evaluation of one knee. These studies were all performed in the operating room under full sterile precautions. Joint effusions were aspirated as completely as possible through a no. 15 trochar needle which was left in place for the duration of the study. All patients then began breathing a 50%0 oxygen mixture. 60 ml of sterile saline was instilled into the joint, the joint contents were mixed, and the saline was aspirated and discarded. A second 60 ml portion of saline (Po, = 180) was instilled into the joint and allowed to equilibrate for 10 min. An arterial tourniquet was then inflated about the thigh to 450 mm Hg to stop the circulatory supply to the knee joint at what was designated zero time. Saline samples were collected anaerobically through a three-way stopcock in heparinized syringes before inflation of the tourniquet (baseline) and then every 4 min for 24 min with continuous mixing of the knee contents during the ischemic period. The syringes were stored in ice and the Po, and pH of each sample were subsequently measured at 370C in an IL instrument (Instrumentation Laboratory, Inc., Lexington, Mass.) as previously described (1) . The lactate concentration was measured in most of the 24-min saline samples, and in the baseline (pretourniquet) sample from 10 representative studies. Saline portions were centrifuged to remove cells and debris, and then deproteinized with trichloroacetic acid at a final concentration of 10%. The lactate concentrations were determined by a modification of the lactic acid dehydrogenase enzymatic assay (13) using Lactate Stat-Pack reagents (Calbiochem, Los Angeles, Calif.).
57 of the 60 knees studied were biopsied during the initial evaluation using either a Parker-Pearson needle (14) (47 knees) or by an open surgical approach (10 knees). Biopsy specimens were processed as previously described (1) . Histologic evaluation was performed by one pathologist without prior knowledge of the individual patients or the results of the above special studies. Increased synovial metabolic activity was assumed to be proportional to: (a) synoviocytic hyperplasia, (b) villous hypertrophy of synovial and connective tissue, and (c) the total degree of infiltration of the tissue with leukocytes (7). Each specimen was scored from "0" to "3" on an arbitrary scale of increasing severity for each of these parameters. The individual scores for categories (a)-(c) were added to arrive at a histologic grade called the "total pathology grade" which was felt to reflect the metabolic activity of each knee.
Attempts were made to standardize the conditions under which all patients were evaluated. All metabolic and isotope studies were performed with patients in the supine position, and no individual was febrile at the time of study. Each patient was being treated with salicylates in doses ranging from 1.8 to 6.0 g daily. Plasma salicylate concentrations just before the study were all in the range of 15-35 mg per 100 ml. Approximately 50% of the patients were taking oral corticosteroids which were continued during the study. No patient had received intra-articular corticoids during the month before admission to the study. Small intravenous doses of diazepam (Valium, Roche Laboratories, Nutley, N. J.), meperidine (Demerol, USV Pharmaceutical Corp., New York), and promethazine (Phenergan, Wyeth Laboratories, Philadelphia, Pa.) were routinely used to relieve discomfort produced by the arterial tourniquets. There were no significant patient complications attributable to these study procedures, and in particular there were no joint infections, no instances of intra-articular bleeding, and no neuropathy or other untoward tourniquet effects.
Red blood cell counts and white cell counts and differentials were done both on any synovial fluid aspirated before the isotope study and on a portion of the saline aspirated at 24 min during the metabolic study. The red blood cell counts in 24 min saline samples were all less than 50,000/mm3 and 70% were under 10,000/mm3, revealing that there was insignificant contamination of the saline with blood. In addition, baseline synovial fluid samples were collected anaerobically from 42 knees with patients breathing room air and before any of the special joint studies. The Po, of each was measured as described above. Portions of these fluids were also used for titered bentonite flocculation tests for rheumatoid factor (11) .
Those patients who received some form of knee joint therapy and were then restudied belonged to one of three groups. The synovectomy group had total synovectomies of one knee joint. The medically treated groups received intraarticular corticosteroids either in a soluble or a depot form as detailed in Table II . All statistical analyses comparing two groups of values were performed using the MannWhitney rank sum test (15) .
RESULTS

Metabolic studies
It was found that the Po2 levels in the intra-articular saline fell rapidly after the tourniquet was applied stopping the circulatory supply of oxygen. The rate of fall was exponential in all cases. Points were plotted on semilog paper with Po2 on the log scale against time on the linear scale ( Fig. 1) . The two representative studies shown in Fig. 1 illustrate the good fit of the actual data points to the calculated least squares line which was true for all studies. The half-time for the fall in Po2 along the least squares plot was called "ti 02" and was adopted as a standard index of joint tissue oxygen uptake.2 The ti 02 values for both the control patient and the rheumatoid patient studies are shown on the right side of the lines in Fig. 1 . The difference between the studies with high tiO02 and those with low ti 02 values was not contributed to by different baseline saline Po2 levels, since the mean initial intra-articular saline Po2 levels ±2 SD for the control (DJD) and rheumatoid (RA) patient populations were in the same range (Fig. 1) . The lactate levels in saline aspirated from the joint after the 10 min equilibration period were unmeasurable (under 2.5 mg per 100 ml) in nine studies and 2.5 mg per 100 ml in one study. For this reason, we felt that the lactate concentration in the saline aspirated from a joint at 24 min after circulatory interruption would reflect local lactate production. This concentration was then measured in most studies and adopted as our second standard value which is referred to as "lactate production."
The reproducibility of the ti 02 and the 24 min lactate concentration was evaluated by performing two or three repetitive studies on 12 knees of 8 patients (including the unoperated knees of the 4 synovectomy patients) with intervals between studies of 1-20 wk. 8 of the 12 serial studies gave values for both tI 02 and lactate concentration which were in the range of ±20% of the respective initial values. The other four studies, however, 'We found that pH levels in the intra-articular saline also fell after interruption of the circulation to the joint. The decrements in pH with time, however, were very erratic in most studies. white blood cell counts (Fig. 4) suprapatellar pouch with much less activity in the knee joint space proper. None of these studies showed any significant redistribution of 'Xe radioactivity from the earliest time at which sufficient radioactivity was present to allow an image to be recorded (5-10 sec after injection) up to 60 min. AXe seems, therefore, to be instantaneously distributed into the joint and suprapatellar pouch and a distribution steady state is maintained throughout the study. To check for inhomogeneity of distribution due to faulty injection or unusual anatomical conditions, all patients had lateral and anterior scintiphotos immediately after each desaturation study. These scans generally revealed only minor differences 6 MINUTES in distribution of AXe among the patients undergoing their initial studies. However, 3 of the 80 scans showed local "hot spots" or accumulations of radioactivity in a small area of the suprapatellar pouch. In addition, three of the four postsynovectomy knees (I, II, and III in Table I ) had smaller areas of AXe distribution than jection of 'l'Xe in saline was employed as a measure of regional blood flow in these joints. The fact that AXe is removed from the knee joint solely by circulation has been shown (16) , and was confirmed in four patients by demonstrating that there was no fall in radioactivity over a 10-15 min period when an arterial tourniquet was inflated about the thigh before injection of the isotope. The following procedures were carried out to rule out significant differences in distribution of 'Xe within the knee joints which might enter into the interpretation of subsequent results. Eight knees of six patients were studied by sequential 2 min gammascintiphotos of the joint in both the lateral and anteroposterior projections from 1 to 60 min after isotope injection. In addition, five knees in four patients were studied by continuous video tape recording of the AXe radioactivity distribution in the lateral projection from 0 to 20 min. Radioactivity was found primarily in the Fig. 8 , including 44 initial studies and 11 studies with no interval change in medical regimen or over-all condition of the patient. The seropositive rheumatoid patients were divided arbitrarily as for the metabolic studies into two groups: B containing the three patients with mild nondeforming disease of under two yr duration, and A for the other 11 patients with destructive arthritis of longer duration (5-28 yr In addition, we found that baseline synovial fluid Po2 levels did not show any relation to ti 02 values in corresponding joints. We also found that neither the metabolic results nor the 'Xe ti II values showed any consistent relationship with serum or synovial fluid titers of rheumatoid factor in the seropositive RA patients.
Physiological Assessment of
Finally, none of the metabolic or circulatory variables correlated with the general clinical grades of over-all disease severity. DISCUSSION The results of the metabolic studies indicate that knee joints of patients with long-standing rheumatoid arthritis use more oxygen and produce more lactate in vivo than control knee joints. In vitro studies have shown similarly that the oxygen consumption of rheumatoid synovium is 10-20 times that of normal synovium per mgN of tissue (7) . This difference is a minimum value limited by the inability to accurately quantitate the very low in vitro oxygen uptake of normal synovium. The in vitro lactate production by rheumatoid synovium has been found to be between three and six times that of normal synovium per mgN of tissue (7, We must also consider the possibility that the factors responsible for the exponential shape of the intra-articular Po2 decay curve might affect the calculated ti 02. These include: (a) decreasing metabolic consumption of oxygen by the synovial tissue with the falling ambient Po2 level, and (b) decreasing gradient in Poz be-tween the saline and the synovial tissue resulting in a progressively falling rate of diffusion. The rheumatoid joints with their high rate of oxygen consumption cause the intra-articular saline Po2 to fall to low levels very early in the study period. Therefore, both the metabolic consumption of intra-articular oxygen and the diffusion of oxygen out of the saline would decrease earlier in rheumatoid joint studies, resulting in a leveling off of Po2 values sooner than in the control joint studies. The net result might be an aberrantly high calculated ti 02 relative to the true oxygen uptake rate of the rheumatoid joint. All of the above considerations would make the measured oxygen uptake rate an underestimate of the true knee joint oxygen consumption. Similar factors may also operate to decrease the rate of rise of the intra-articular saline lactate concentrations in rheumatoid joints during tourniquet occlusion. However, we have less information about this variable since no kinetic studies were performed.
In addition to these factors which could minimize the measured oxygen uptake of rheumatoid joints for reasons inherent in the testing system, rheumatoid synovium has metabolic properties which would tend to make the lactate production much more prominent than the oxygen consumption. A type of feedback control related to ambient Po2 levels has been found for lactate production in normal synovium in vitro (7, 8) . Incubating normal synovium in a nitrogen atmosphere increased lactate production by 50-75%'. In contrast, rheumatoid synovium produced lactate at a high rate which was unchanged by decreasing atmospheric P02 (7, 8) . Thus, rheumatoid synovium would produce lactate during the entire 24 min study interval, but normal or control synovium would only produce significant amounts of lactate when ambient Po2 fell late in the 24 min period. Another metabolic reason for the high in vivo lactate production by rheumatoid joints may be the lack of substrate limitation for local lactate production. Synovial glycogen is readily available and about 50% of the total store can be converted to glucose and utilized during a 1 hr in vitro incubation (19) . For all of the above reasons we would anticipate that lactate production would be more prominent than oxygen consumption. The failure of ti 02 to increase after therapeutic maneuvers was probably also due in part to the technical inadequacies of our assessment of this variable. It is possible that oxygen uptake could decrease without a significant increase in ta 02.
We have assumed that only joint tissues and leukocytes infiltrating joint tissues are responsible for the measured differences in oxygen uptake and lactate production. For this reason any metabolic role of leukocytes in the intra-articular fluid must be excluded. This is particularly important since the polymorphonuclear leukocytes could have a significant metabolism in the joint, especially if involved in phagocytosis of antigenantibody complexes (20) . The joints in the study were carefully flushed with saline after all synovial fluid had been aspirated, so that any remaining leukocytes would be very few in number compared to those infiltrating the tissue. Secondly, rheumatoid synovial fluid leukocytes have been found to have a very low basal rate of oxygen consumption with levels 20-60% of those for peripheral polymorphonuclear leukocytes from the same patient (21) . Thirdly, there was no correlation between tI 02 values and saline white blood cell counts. These leukocyte counts as discussed above, should generally reflect the total number of leukocytes in the intraarticular fluid during the study. In addition, it has been previously shown that the Po2 of a synovial fluid sample does not fall significantly when stored in ice regardless of the leukocyte count (1) . Our measurement of Po2 in saline therefore should be very close to the intraarticular Po, at the time the saline was aspirated. For these reasons, we believe that the fluid phase leukocytes are not contributing significantly to the metabolic rates measured in this study.
The correlation found between the ti 02 and lactate concentration values and the total pathology grades of corresponding synovial biopsies (Fig. 6 ) is significant. These variables which assess local metabolic rates therefore must be determined in part by the over-all cellularity of the synovial tissue, including infiltrating leukocytes as well as fixed tissue cells. This good correlation also suggests that the cell density in the synovium, as estimated by the histologic grades, parallels the metabolic activity of individual cells and the total bulk of synovial tissue in the joints. However, the sampling error of needle biopsies in a disease with such variable and focal pathology must be considered. This is critical because it has been shown for rheumatoid synovium that oxygen consumption for villi is almost six times that of membranous areas per mgN of tissue and that lactate production has a similar ratio for villi over membranous synovium (6) (22) . We have confirmed these results and also demonstrated a relationship between the AXe desaturation rates and the histologic estimates of total synovial inflammation in the needle biopsies.
The above data relate the rate of desaturation of intra-articular 'Xe with clinical and histologic assessments of local joint inflammation and therefore indirectly with local circulatory flow. Direct evidence that 'Xe washout rate from intra-articular saline is related to human joint regional blood flow has been reported previously (16) and was confirmed in this study by arterial tourniquet tests. Other evidence directly relating 'lXe washout with regional circulation is available from studies of dog joints (23) and also muscle (17) and skin (18) .
We have chosen to use the t value from the slow component of all of our 'SXe desaturation curves (ti II or ti when only one component was found) as a reflection of joint blood flow for the following reasons: (a) A monoexponential curve would be expected if "Xe distribution in the joint was essentially instantaneous and the synovial tissue was both homogeneous and not close to saturation with l'Xe. Our serial 1"Xe scintiphotos and continuous video tape recordings indicated that the distribution of AXe was complete by the time enough activity could be recorded for an image (or a reading on the rate-meter). In addition, no redistributions were seen within the limits of the resolution of scanning which suggests that diffusion equilibrium was maintained. Tissue solubility studies (24) (18, 26) .
Our studies show that there are significant differences between the control and rheumatoid group mean values for either ti 02 or saline lactate concentration. However, the overlap between the metabolic measurements in either rheumatoid group and those in the control group clearly demonstrates that they have no diagnostic value in routine clinical work. These tests also have no known prognostic or therapeutic implications, with the possible exception of the high ti 02 and low lactate levels of the patients with early mild rheumatoid arthritis. The l"Xe ti II values do not even show significant differences between diagnostic group means, and the scatter is greater than for the metabolic measurements. Seropositive and seronegative rheumatoid groups showed no definite differences for any of the variables. There was also marked scatter when any of these variables were grouped on clinical or pathologic grounds, and again the scatter was greater for the AXe ti II values. The use of a single set of physiological measurements in the evaluation of an arthritic patient therefore cannot be recommended at the present time.
In the therapy groups where there were serial determinations, the importance of the physiologic approach was evident. Of all the variables followed after synovectomy, only the saline lactate concentrations and synovial fluid P02 levels showed asymmetric changes in the operated knees. After intra-articular corticosteroids, these same two variables showed significant changes, and also the 'Xe ti II lengthened in the injected knee and occasionally the contralateral knee. Clinical improvement, however, as reflected in the knee grades, paralleled these physiological changes only in the corticosteroid group. The in vivo effects of corticoids on some of the above variables are consistent with previous results of corticoid effect on synovial metabolism in vitro and synovial circulation in vivo. Corticoids have been shown at physiologic concentration to decrease lactate production and oxygen consumption by rheumatoid synovium in vitro (6) , and lactate production but not oxygen consumption by human peripheral leukocytes in vitro (27) . Previous studies of 'lXe washout after intra-articular corticoids showed an increase in ti II in 19 of 26 joints of the same order of magnitude as reported here (22) . Unfortunately, only the injected knee was restudied. Our results show contralateral knee changes especially when the soluble preparation was used possibly due to direct steroid effects. The failure of synovectomy to reduce the oxygen uptake of rheumatoid knee joints may be due to high oxygen uptake either by regenerating synovial tissue or by the few fragments of residual rheumatoid synovium not removed at operation. Repeat needle biopsies did show inflamed synovial tissue present already 1 month after surgery. The failure of corticosteroids to raise ti 02 remains unexplained. It is possible however that the corticoids affect primarily the leukocytes infiltrating the synovium, in which case we might expect to see changes in lactate production but not in oxygen consumption (27) .
The value of this combined clinical and physiological approach to document alterations in the over-all state of diseased joints after therapeutic maneuvers is clear. The relationship of any of the physiological alterations to progressive joint destruction however is not clear and can only be determined by long term follow-ups.
The results of these studies demonstrate that both local metabolic rate and regional circulatory flow are increased in the rheumatoid joint. Although both variables are increased, an imbalance between the two may be a more significant factor in the severity of joint disease and the response to various therapies. Local oxygen consumption and circulatory oxygen supply must by definition determine the steady state Po2 measured in synovial fluid (1) . Thus the slight increases in intraarticular Po2 seen after synovectomy or local corticosteroid therapy represent an alteration in the ratio of these two determinants. Our relatively crude methods for evaluating either independent variable, however, preclude any statement concerning which determinate has been disproportionately altered to account for the observed change in ratio. In addition, it was not possible to correctly predict other steady state intra-articular Po2 values from the respective ti II and ti 02 levels. These levels then must be considered as only reflections of the true joint regional circulatory flow and oxygen consumption rates.
